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I. ABSTRACT

A new system for year-round collection and storage of solar

heated water for heating of building has been operated over the

past year at the University of Virginia. The system is composed

of an energy storage sub-systm,which stores hot water in an under-

grbund pool, and of a solar collector sub-system which act. .not only

to collect solar energy throughout the year but also to limit the

evaporative and convective heat losses from the Ftorage system.

-Results are presented to illustrate the transient heat transfer

from the pool which occurs during the energy collection mode of

cv!ratior,. Thermal performance results. are presented illustrating the

eienc2.y of the solar collector urer summer conditions (without a.

ref lector) and winter conditions (with assistance from a vertical

reflector). Results also show the transient behavior of' energy storage

in the water and-in the earth which surrL,Imdo the storage pool.

An analog computer model and a digital computer model have been

used to analyze transient energy phenomena which occur within the

earthsurrounding.the pool. Results of the models are confirmed by an

exact mathematical solu.ion and by experimental results.

Analog and digital. models were used to 'determine the.influence of

various design Modifica tons for improved collection and storage system

performance.

The experimental system has been modified to provide for energy

extraction through a heat exchanger, to simulate the heat input required



for a solar-assisted heat pump for a residential heating application.

Future research will include additional system operation in the

collection and heat load mode, performance evaluation, and additional

analytical modeling, particularly to identify the influence of addi-

tional design modifications on the system operation.
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II. NOMENCLATURE

= collector thermal efficiency

density

= specific heat

= slope of collector performance curve (heat removal x. loss coefficient)

k = thermal conductivity

Q = heat loss

= heat loss with earth'berm perfectly insulated
o

Re .= radius to outer isothermal boundary

Ta 7:ambient temp.

Te = earth temp. at Re

Tin = collector inlet water temp.

Tcl = centerline earth temp. at pool/earth interface

T
c2 = centerline earth temp. at 1 ft. below pool

T
c3 = centerline earth temp. at 2 ft. below pool

T
c4 = centerline earth temp. at 3 ft. below pool

Tp = average.pool temp.

T
pl = centerline pool temp, at top surface

T
p6 = centerline pool temp. at 5 ft. depth

pll = centerline pool temp. at 10 ft. depth.

Tiw = earth temp. on 45° pool/earth interface

Tw
3

= earth temp. 3 ft.from 45° pool/earth interface

T
41 = earth temp., 4 ft. from pool edge, 1 ft. down

T
42 = earth temp.,4ft. from pool edge, 2 ft. down

T
44 = earth temp., 4 ft. from pbol edge,.4 ft. down

T46 = earth temp., 4 ft. from pool edge, 6 ft. down



NARRATIVE

A. Research Objectives

The research objectives include the design, construction, testing

and evaluation of a new system for year-round collection and storage

of solar energy for the heating of buildings.

The design of the system includes a 103 m
3

(27,400 gal) water

storage pool which resembles'a swimming pool. The'collector sub-system

id that of a 53.5 M
2

(576 ft.") near horizontal,open water-channel solar
9

collector having.two glazings. The polar colleCtor acts not only to

collect solar energy but also to reduce.losses from the energy storage

pool. Design modifications for impr ved structural and thermal per-

formance are an important part of t research objectives.

The testing and evaluation program has included the use of standard

instrumentation.and measuring techniques as well as analytical' simulation

to determine performance under varying ambient and design conditions.

The evaluation also will include structural, operational and economic

considerations'.

B. Summary of the Progress

A new system for year-round collection and storage of solar heated

water for the heating of bpildings has been constructed and is being

evaluated at the University of Virginia.

In the first year the research included developing improved

structural and system design with construction, system operation in the

collection mode, testing and evaluation.

4



Construction of a revised pool design with 103 m
3

(27,400 gallons)

of water capacity was completed, in November 1976. The solar collector,

shown in'f.igure 1, became-operational in February 1977.

Various modifications have beenmade such as the installation of

vertical reflector along the north edge of the pool shown in figure 2,

improved glazing attachment, and improvedinstrumentation for monitoring

energy collection and energy loss through the earth berm.

During the fall of 1977 it became obvious that energy losses were

becoming significantly greater than ene gy collection. A study of

possible ways to improve the insulation quality of the storage resulted

in the conclusion that a full system shut down would be required in

order to Provide the proper improvement tO the insulation. This was

\

judged to be appropriate for follow-on work after the system had been
1

operated throughout the 1977-78 heating season. 'A decision-was made

to continue system operation in the heat collection mode with a modified.

plan,for,energy extraction.\\A heat excha4er was provided to simulate

the heat input requirements for a solar assisted heat pump for a residen-
.

tial heating application. The system began operation in the heat load

mode (with solar collection,when available, as before) December 1977.

Results are presented of analog and digital computer simulations

which illustrate the influence of design modifications on system perfor-

mance in the collection mode of operation.

Future research will include simulations of other design modifica-
,

tions (such as larger size systems with independent c llector arrays)

and experimental analysis of system operation in the heat load mode.
\ .

5
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tr,bort of the Progress: System Description

In May of 197.6, the University of Virginia began its research

prH,-ram to evaluate a new system for the year-round collection and

;to e of solar-heated water which couldbe used for the heating of

a building. The system includes a 53.5 m (576 ft.
2

) solar collector

on the top of a 103 m
3

(27,400 gal) energy storage pool which resembles

swimming Tool. Included in the collector are the near-horizontal

absorber surfaces, the inner glazing and the outer glazing shown in

Figure 3 and the inlet manifolds shown as a top view in Figure 4.

The location of the solar collector on the top of 'the storage pool

restricts the convective and evaporative heat transfer relative to

that of traditional solar pond systems [1],-

As illustrated in Figure 3, the energy storage pool is designed

with the -sloping earth surfaces at 45°. ThiS design was selected

because of the stability of such surfaces without a-requirement for

structural reinforcement. A traditional swimming pool having vertical

walls with reinforc6d concrete structural support could be used in this

system; however, the cost of the reinforced wall structure would be

considerable and was judged to be unnecessary.

The pool design includes a factory manufactured 20-mil polyvinyl-

chloride swimming pool liner. All the seams were heat sealed at the

factory to assure their integrity. In addition; special care was taken

to ensure that this liner would not be punctured. The earth surfaces

were smoothed as much as possible and a duPontCompanyn-Typarn (spun-

bonded polypropylene) subliner was installed on the earth surfaces to

7



Yigure 3. Solar System Design

1. Outer Glazing
2. Inner Glazing
3. Collector Inlet Manifold
4. Corrugated Aluminum Collector Plater
5. Collector Mounting bracket
6. Collector Support Cable/Rod
7. PVC Pool Liner
8. Plywood
9, Rim Strip
10. Batten Stria:
11. Spline
12. Pool Liner A: _:hor Strip
13. Batten Support Strip

Figure 5. Collector Details

8

7i:,ure. 4. System for :!onitoring and
Deliv-ring water

Figure 6. Collector Support Detail



nr - mt .,,ration of sharp ..:ones, etc., frm. penetrating the liner.

no ;,.)lar collector sftcte',1 for the annual collection/storage

Le:1, ol a near-horizntal open water-channel solar collector

having two glazings as indicated in Figures 5 and 6. The glazing

materials are separated by air presSure from a small fan (47 watts) with

the inner glazing lying on :top of the corrugated metal collector plate.

ater !lows from the north and the south perimeters of the collector

system down the valicys of the corrugations to the center of the pool

(.: :its and flOws through a laver of Styrofoam beads floating on

Lop ol the wat,,r snrface.

The glazing material which has been selected is that of a 6-mil

thick greenhouse film sold as Monsanto 602. This is a flexible poly

ethvlene "copolymer" greenhouse covering which has a transmittance of

87. It has been. widely used throughout the United States and is

available in an adequate size to cover the pool in a continuous sheet.

Although it is very inexpensixre for a glazing material ($0.28 per square

meter) the outer glazing was found to sustain a 8% reduction in trans-

mittance over a five (5) month period of use. The outer glazing was

replaced with new Monsanto 602 in July 1977.

D. Report of the Progress: Collection Mode of Operation

The collection and storage system began operation in-late

February 1977. When adequate solar energy is available, the collection

system is turned on by a controller. The hot water from the solar

collector flows through the floating beads at the centerline of the pool

and into the top of the hot water storage.

9



One should note that the col'ector s are Ilear-hor
iz0 nta1 which

is not the desired orientation; Particularly for wiot
solar energy

collection. A vertical north

energy capture

along thereflector

particularly

l'as been eenstrt

increase theedge of the coll&:.tor to

during the winter months.

Figure 7 displays the thermal Performance of the ollector as a

plot of (Tin- Ts)/I. One should was not upate that the
/l

vereobtained. the winter
per-when the summer performance data Also,

'de
for the Intercepted byformance calculations did not provI theenergy

denominator ofaipreflector to ,be included in the 0- the (output

performance curve..wenrlY the winterinput) calculation. Con
f7 perf gives

a false impression of a redu ,lue
FRUL (slope)

It is important

,

to note that the reflector is very Portant to winter
solar energy

collection for typical values of

the seasonal solar,

around 0

Figure 8 presents the tempera

energy storage pool. One notes t11°

os Pcm211.71,

the pool and earth
temperatures

rose

and September, then dropped offsteadily until the months of August

,rapidly. The obvious reason for
Oils change

-1- that
the variation

in

temperature
season

and the fact

experimental

with

Insulation

incident solar energy and ambient

.de adequate
reduce,

1

that the storage pool does not ha- size or '
sc consistanttoobservation

elt-ohio

the relative losses. This with

the experience the similar sized P
Agricultural

Research and Development Center [21.

0a from storage

o

One should note that no programmed extractI

has occurred for the time period data presented'
An energy
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-extraction program began operation in December 1977 with enerry (hot

water) being delivered to a heat exchanger in a proper- amount to

sinulate the requirements of a het pump for a residential application.

The heat load mod.e of operation is described in a later section.

E. Report of the Progress: Energy Loss Analysis

Energy losses from such solar pools occur by variousheat transfer

mechanisms and can be attributed to the heating up of the surrounding

soil, conduction losses from the top surface directly to the atmosphere,

and losses throtigh the.soil to the atmosphere. These losses depend on

the size and the geometry of the Pool, the energy input to the pool from

the solar collector, the meteorological conditions and the physical

properties of the system.

2-1. Analog Model Description'

An electrical resistance-capacitance network has been set up to sim-

ulate the heat transfer procesSes from a hemispherical pool of water to the

surrounding soil and, through the soil to the ambient air. This network used

a modified version of the Heat Exchange Transient Analog Computer developed

by R. M. Hubbard [3]. In this.analog the temperature is represented by a

voltage, the rate of heat flow by-current, and thermal resistances and

capacities by electrical resistors and capacitors. By using appropriate

scaling laws [4],a network can be set up to represent the real capaci-

tance and heat transfer resistances for a particular pool geometry. The

network can accept properly scaled 'time-dependent solar energy input and

\variable ambient and energy demand conditions. Selected parameters can be

adjusted easily so as to simulate different design conditions.

12



For the nitial simulation of the storage pool heat loss problem, we

chose to consider heat transfer by conduction through soil of uniform and

constant physical properties. A hemispherical pool of water was chosen.

The soil surrounding the pool was divided into 24 elements as illustrated

in figure 9, with nodal points (at the center of each element) interconnected

by resistors representing thermal resistances between adjacent points. A

vector volume approach [4] was_used to determine the effective resistance.

as the area normal to heat flow changes with'bOth radial and angular posi-

ions. The capacitance of each element is directly proportional to its

volume the hemispherical heat source has symmetry,only a slice of

the surrounding earth need to be considered.

The boundary conditions were applied by connecting the adjacent nodes

to appropriate resistors and to voltage sources representing the desired

boundary temperatures.

:The properties of soil used in the simulation were fixed with:

p = 1,500 kg/m3

c = 880 J/kgK
p

k = 1.28 w/mK

Scaling faeclors were determined largely by the size and number of

resistance and capacitance elements available. The followin relations

Were set between the important variables:

1 volt ='1°C

1 analog second = 1 week real time

1 microampere = 3:84 kw hr/day heat rate

To obtain the above scaling factors, resistors ranging from ,26 to

18.6 negohms and capacitors from 0.226 to 440 microfarads were needed.

13



E-2 Digital Simulation Model

A digital computer simulation model-'has been developed with the

following four components: (a) a one-dimensional finite difference model

of the thermally stratified pool of water; (b) a. three-dimensional finite

clifference model of the surrounding soil; (c) a solar collector model based

on.experimental thermal performance data; and (0', a simple model of the load.

As illustrated in figure 10, only one-cig!Ith of the pool and surrounding

soil are modeled because of symmetry (no h..-?.at flux across planes of symmetry:

D, G, and H, shown in figure 10). The boundary condition at the top of the

simulated pool is set by the condition of che solar collector. Boundary

conditions at planes A and C originally allowed for convective heat transfer

[5]; however, the temperatures of the surface nodes with the convective

boundary conditions were found to be essentially equal to the ambient temp-

erature. The distance from the pool to boundaries E and T were determined

by trial running of the program. A distance of 6.1 m (20 feet) was found to

be adequate. Moving these boundaries by approximately 1.2 m or 4 ft. had

less than 1.5% effect on the heat loss from the pool.

E-3 Model Verification and Experimental Results

To validate' t\ he analog network, the steady state conduction was simulated

through a spherical shell with a cavity at a higher temperature than the

outer surface. These results are summarized in Table 1. It is interesting

to note from Test 1 and 2 that having the constant grbund temperature at a

finite radial distance\of 38.9m from the center' of the pool rather than at

infinity dcreases the pool heat loss rate by approximately 10%. The losses

to 'the earth further out may be overestimated slightly but this effect would

14
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Teri. Model

1 Theory;

Theory

3 Analog

4 Digital*

5 Analog

NOTE;

TABLE 1

MODEL VALIDATlr: STEADY STATE

Pool Temperature T = 82°C

Earth Temperature Tc = 10°C

:.Const. Temp:
at Re, m

Air/Ground
Surface

Insulated

Insulated

Insulated

Insulated

T 21°C
a

Earth Pool Heat Losses
kW -hr /day

38.9

38.9

38.9

64.8

71.4

72.6

73.2

124.6

Digital model for truncated pyramid shape. Constant
temperature earth at 6.1m from pool sides and bottom.

TOP SURFACE VIE

VERTICAL SECTION

Figure 9. Analog Model Elements

Plc.. of
Simmtry 0

o'w

PI.. of
SymNtry

ml

of
co

7 32 rit

TOP SURFACE VIEW

0 Boundwy CondIllon

110010110111.1

A000

...1=411111111

I

.le

T.
VERTICAL SECTION

Figure 10. Digital Model Elements-:
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he conservative in considering-the performance of the storage pool. The

agreement between Test 2 and 3 was excellent.

The digital model was also evaluated under the conditions listed in

Table 1. Note that good agreement was obtained between the digital

model and the analog model under the conditions where the analog model, had

a pool perimeter equal o that of the actual pool and the simulated model.

This was based on Shelton's conclusion that the heat losses from a hemis-

pherical pool are proportional to the perimeter (radius) rather than the

heat transfer surface area (radius2)[6].

Steady state:heat losses from the pool -have been simulated over a

range of pool, ground, and ambient temperatures. Shelton has analyzed

heat losses from a similar hemisph cal heat storage device [6]. However,

4

Shelton's results were all based n no heat losses from the soil to the air

through the soil-ai interface By considering this heat loss mechaniSm, the

energy losses are considerably increased (approximately 70%) as shown by

Test 6 in Table 1.

The limiting (steady state) heat loss results are summarized in figure

11. Note here thatc'the simulated 1)8°1 losses (which include losses to the

ambient as well as to the constant temperature earth) app r to be approxi-

mately linear with the difference between the pool temperature and the air.

temperature. From figure 12 one can discern that the influence of pool --r

temperature minus earth temperature is much less significant than pool temp-'

erature minus ambient temperature.

Results of experimental data for the annual collection and storage

16
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system operating in a collection mode were.presented in figure 8. One

notes that the water storage temperatures were shown to reach a .maximum
,

in August which would be an indication of excessive heat losses ovee.energy'

collected from that time forward.

The digital computer simulation model was run using ambient conditions

derived from a 1955 weather tape for Washington, D.C. Although it is clear

that the particular weather 'conditions at the experimental site during 1977

are different from those used in the simulation, the following conclusions

can be made.

Simulation shows, as illustrated in figure 13,. that a cyclic pool

temperature should be expected. The simulation-indicates a peak perature

reached on approximately Augus't 1 when the pool had been operatic the

collection mode at least since early March. If the pool began operation in

the collection mode on July 1, the expected peak temperature.,would occur

approximately September 1 and if. thepool began operation on October 1, the

peak temperaturewould occur at approximately November l: (Note also that if

the pool had been operating in the collection mode four at least-six months,

the influence of start up time would be negligible compared to the anticipated

temperatures from continuous operation in the heat/collection mode.

Pool stratification determined experimentally. are -in good agreement

with the_ 'simulation model, as illustrated in figure 14..

Although simulation_studies have not 'been done to consider the inflUence

of diurnal variations of temperatures in the earth berm (adjacent to the pool),

experiMental measurements have been taken. Figure 15 illustrates the diurnal
-4.

18



variations of the ambient temperature' and soile temperatures at various

locations. One should note that thesedata were taken on a sunny day

(October 7, 1977) followed *by a cloudy day having a very light rain. Note

also that the ambient temperature and the earth berm temperature to a depth

of one foot have signlificant diurnalvariation, but that the earth temp-

eratures at locations below this appear to have near negligiblediurnal

variations.

F. Report of the Progress: Influence of. Design Changes

On the basis of information presented in the previdus section, one

may conclude that the high heat losses from the present experimental sys-

tem make it Ineffective for operation as a device for annual storage of

year-rbund collected solar energy for direct heating of buildings. Various

design modifications, however, may change this conclusion.

The first design consideration would be that of modifying the system

in order to provide for additional insulation. Table 2 summarizes the

results of analog simulation studies of t1e influence of varying amounts

of insulation placed at convenient locations within the earth berm. Note

that one may conclude that a most important location for placing insulation

f.ibuld'be along the interface between the pool structure and the earth berm.

This is true because the earth.berm in this particular design is relatively

ineffective as an insulator, when one considers steady heat transfer over

long periods of time.

, I

The effect of insulating the soil/air interface along the earthberm

is illustrated in 'figure 16. The' heat loss rates are made:non-diMensiOnal



TO

LU

t. GO
FEBRUARY START-UP

u)

)
4 40

2
cL SO

w to- JULY START-UP

1 10 OCTOBER START-UP

a. 0 1717771
tiJJASOMOJItliALiJJASONTJFMAm

MONT H

70i
60

50

40

30

20

-

r---F-T-F-1PPPPPPP8PP
I 2 3 4 5' 6 7 9

JUNE 30 PREDICTED 1135 5 DATA 1

JUNE 30'911 MLAsuPED

APRIL 50 PREDICTED 11355 DATA!

APRIL 30,1977 MEASURED

I-- I

PO Cl

C2 C3 C9

CI

Figure 13 Simulated Seasonal-Temperatures-with--- Figure 14. pool Stratification

Variable Start-Up

W3

T46

4 4

01100

007444

at)* 0400 400 400

00T0414 I

1100

. Figure 15. Diurnal Temperatures of Ambient Air

and Soil at Selected Locations

1931,E .2

4I.E(191,. P(53)IATION ON POOL HEAT 1)0ti5EF.

Heat loss
results In (1C4:14dayl (tom 431,11,,

',WI T1v1p, r 51

Amblent
,

Drth r 10%

Poul Side im
Insulation , m r- -----

None

-----
!),I5

1.))

Surface !nsulAtIon , m

some

0.025

0,15

0,11

61.

)9. 5

50,j »

0,1v) vlth

15,11

li

3631

Notes: (a)

(6)

(C)

1.75m
asiyidom.insulation on earth /air surface'lltound the

pool (horizontal),

(vertical jrom water surface) "Styrofoam" Insulation between

pool liner and birth.

4,34m wide horizontal insulation layer around the pool buried 1,5.

below air/earth surface,

n
)



2.4

2.0

1.6

1.2

UNINSULATED

INSULATED TO 5.3m FROM CENTER

INSULATED TO 8.9m FROM CENTER

r '"

0.8 r "/".

0.4

-0.2 0 02 0.4 0.6 0.8
Tp Ta

Tp TO

Figure 16. lical Loss as Function of Soil/Air Insulation

D

1.2 1,4



through the use of Qo which is the pool energy loss rate with the soil/

air interface perfectly insulated. Note that the solid line in figure 16

would be the anticipated heat '-r .'rom an uninsulated pool through

the surrounding earth. This figure also shows the effect of insulating

the soil/air interface close to the pool. The area between element "A"

of the analog model (figure 9) and the ambient air is a ring with the

inside radius of 3.57m (pool radius) and the outside radius of 5.32m.

The effect of perfectly insulating this ring of the soil/air interface

is shown by the dashed line. If the ring of insulation were extended

to include an outer radius of 8.89m (insulating both elements "A" and

"B") the heat transfer would be represented by the dot/dash line.

A second design consideration would be to improve the solar collector

so as to deliver more energy to storage to offset the losses. One approach

would. be to improve the orientation of the collector, as near-horizontal

collectors are poor collectors except during the summer. This would

involve a redesign of the current system, so as to possibly provide for

a structural roof over the storage pool, with the collectors mounted on

the roof.

Another approach to improved collection would be to use an enclosed-

fluid flat plate solar collector instead of the open water-channel collec-

tor currently used. Such a change would result in asmaller value of

FRUL (slope of the performance curve, Figure 7), and consequently higher

collection during winter. This approach was investigated with the use of

the digital computer model with the collection mode results illustrated in

, Figures 17, 18, 19 and 20.
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One other design approach would be to significantly increase the size

of the collection and storage system. Various investigators have proposed

much larger collection areas and storage volumes to gain the effect of

relatively lower heat losses [7,8,9,10,11]. Typically heat losses increase

with the perimeter of the storage, and collection increases with the area

[6].

Various size, geometric, and design considerations will be studied

the next phase of this work. Included will be modeling of various

design modifications with system operation in the collection and heating

mode, considering both direct heating and solar assisted heat pump

operations.

C. Report of the Progress: Heating Mode of Operation

In December 1977, the annual solar energy system was modified to

provide for energy extraction through a heat exchanger. Heat extraction

was designed to 'simulate the heat input to a solar assisted (liquid to

air) heat pump used for heating a 140 m
2

(1500 ft 2
) residence. The resi-

dence used in the model was assumed to be insulated to present standards

and to have less than 15 percent glass area in the walls [12]. The heating

load for such a structure is 12,650 Btu per degree day. The total annual

heating load for this home would be 15,600 kw-h (53.2 x 106 Btu), based on

an 11 year average of Charlottesville, Virginia weather data [13].

The heat pump used in the model was a commercially available water

source heat pump [14]. The heat pump model has a COP of approximately 3.3

to 3.7, for water temperatures of 15 to 24°C (60 to 75°F). For inlet water

at 15.5°C (60°F) and a flow rate of 1.14 m3/hr (5 gpm), the unit capacity

is 7.6 kw (26,000 Btu/hr ),with an energy absorbed from water of approXlmately

24
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5.6 kw (19,000 Htu/hr)_ and a_power input of 2.2* kw. For an inlet water

at 23.99C (75°F) the unit capacity is 8.8 kw with 6.2 kw from water and 2.6

kw from power input.

The average monthly total. space heating demand and the requirements for

energy input from solar heated water storage are illustated in Figure 21.

The heat pump will be modeled by dumping an amount of energy from the

solar pool equivalent to that required by the heat pump, The water flow .to

the heat exchanger will be maintained at the same rate as that required for

an actual heat pump to allow a realistic study of the heat transfer mechanisms

in the solar pool. The amount of energy dumped will be determined by integra-

ting hOurly data. The air flow to the heat exchanger will be adjusted semi-

weekly to maintain the average monthly energy required for the heat pump.

H. Activities to Disseminate Project kesults

Papers have. been presented to the Conference on Solar Energy in Cold

Climates (University of Detroit, June 7-8, 1976) and to the conference "Solar

Tiree:. Capturing the Sun" (Northwestern.University in Evanston, Illinois on

November 20, 1976).
c

In addition, a paper, "Heat Transfer Analysis of a System for Annual

Collection and Storage of Solar Energy," was presented to the 1977 ASME Winter

Annual Meeting in Atlanta, Georgia, and was published in Heat Transfer in

Solar Energy Systems, ASME Publication No. H00104.

Papers have been accepted also for presentation and publication in the

proceedings of he International Solar Energy Society Congress 1977 in New

DelhiisIndia (January 16-21, 1978) and of the Southeastern Seminar on Thermal

Sciences, 14t1(Annual Meeting, North Carolina State University, Raleigh,

o.EP
April 6-7, 1978.
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